Electrical resistivity tomography (ERT) was used to delineate subsurface structures at Siloam hot spring in the Soutpansberg Basin of South Africa. The spring water was reported to be hottest in South Africa. Groundwater with temperature ranging between 63.3 °C and 67.5°C was observed flowing from the spring. Relatively wet areas were noted to the south and north of the spring. Electrical resistivity arrays with Dipole-dipole and WennerSchlumberger configurations were used. Current injection and potential dipole separations of 5 m and 10 m were applied across the spring. Inversion results for arrays with the shorter dipole separation of 5 m had better resolution. Resistivity sections were generated from inversion of ERT data. The resistivity values for the low and high resistive zones were ρa < 10 and ρa > 70 Ωm respectively. Sub-horizontal resistivity zones were obtained from the inversion of Wenner-Schlumberger array survey data. High resistivity zones associated with dykes or sills were delineated on Dipole-dipole derived depth sections. Near vertical structures associated with water bearing faults or fractures were delineated at the Siloam hot spring.
Introduction
The focus of the study was to identify subsurface and water bearing structures at the Siloam hot spring in the Soutpansberg Basin in the Limpopo Province of South Africa. Hot water was observed flowing from the spring. Olivier et al. (2008) reported on the existence of hot springs in the Soutpansberg Basin. The temperature of water at the spring was reported to be in the range 63.3 to 67.5 °C (Nyabeze et al., 2010; Shabalala et al. 2015) , making it the hottest natural spring in South Africa. Nefuri (2013) highlighted an artesian borehole located 280 m southwest of the Siloam hot spring at longitude and latitude 30.1925ºE and 22.895367ºS, respectively , that intersected water at 18 m and a dyke at 43 m, and presented end of hole, volcanic rock drill chips. Holland and Witthüser (2011) in their analysis of borehole productivity in the Limpopo province reported that dykes, although less permeable dykes, acted as flow barriers and enhanced the accumulation of water with fissuring.
A resistivity survey utilising a Wenner array was used to map the Siloam fault near a hot spring in the Soutpansberg basin and highlighted a low resistivity zone associated with mud cones (Brandl et al., 2001) . Nyabeze et al. (2010) reported on the occurrence of a low resistivity zone at the Siloam hot spring, from electrical conductivity surveys. Chirindja et al. 2016 applied the ERT to investigate the Urema flood plain in Mozambique and confirmed the existence of a semi-confined permeable aquifer confined by a 30 to 40 m clay layer. Chirindja et al. 2017 delineated fractured zones in Nampula, Mozambique concluded that the ERT method was better at resolving lateral variations in the bedrock. The resistivity method was used to study subsurface structures at Roosevelt hot springs in the USA Tripp et al., 1978) . Befus et al. (2014) reported that the resistivity method has been used to map out the spatial heterogeneity and geological structure. Owen et al. (2006) and Wilkinson et al. (2010) and used the ERT method for measuring electrical resistivity of the subsurface. Al-Fares (2016) carried out inversion of resistivity data to delineate the 2D realistic vision of the local subsurface structures within the Yarmouk Basin, Syria. Sirieix et al. (2014) delineated near vertical low resistivity features due to clay and a confined low resistivity zone with values below 562 Ωm below the natural spring.
The resistivity method is useful for the determination of subsurface weathered zone, thickness of sediments and differences in geology (MacDonald et al., 2008) . Electrical geophysical methods can be used for rapid mapping of the subsurface soil using a non-destructive approach (Pozdnyakova et al., 2001) . Resistivity surveys are useful for estimating depth of bedrock structures because different lithological units have differing resistivity values (Army, 1998) . Orlando (2013) stated that Dipole-dipole arrays gave better resolution for subsurface areas with lower resistivity values compared to Schlumberger and Wenner arrays. Loke (2008) further mentioned that the Wenner array had the highest signal-to-noise ratio and is more reliable, among the conventional arrays. Tabbagh et al. (2007) described inversion as the application of an algorithm to determine unknown quantities that correspond to geometrical parameters. The inversion of the apparent resistivity to achieve the actual resistivity is based on the Occam inversion technique (Kaminsky et al., 2012) . Constable et al. (1987) stated that the goal of inversion was to obtain the smoothest model from fitting data to a prescribed tolerance. Sirieix et al. (2014) obtained root mean square (RMS) fit errors between 5.9% and 39.3% with the high value from inversion of a section that had predominantly highly resistive limestone. Reynolds (2011) stated that the 2-D resistivity depth sections from 1-D inversion were based on the amalgamation of spatially averaged smoothness constrained 1-D inversions at each station. The modelling in 2-D is achieved using a finite element forward modelling approach that involves that comparison of the observed, original data and calculated model and measuring the degree of misfit in terms of the percentage Root Mean Square (RMS) error (Reynolds, 2011) .
Method
Electrical resistivity surveys were carried out along a South to North (S-N) oriented profile across the spring (Figure 1 ). The survey profile elevation from South to North was between 830 m and 845 m above sea level. The topography value for each station was determined from GPS track files and appended to the field resistivity data. The hot water at the Siloam hot spring issues out of a borehole that was drilled into the Siloam hot spring. The ERT surveys were carried out in the months of May 2011 and May 2013, to investigate subsurface structures and water bearing zones. Two artesian boreholes Bh1 and Bh2, with warm water were observed 120 m and 190 m southeast of the hot spring respectively. The electrical resistivity tomography (ERT) method was used to record ground resistivity data. Dipole-dipole (DD) as well as combined Wenner-Schlumberger (WS) arrays were utilised, applying 5 m and 10 m dipole separations. The field deployment of the ERT method involved laying down an array of electrodes that were connected to the resistivity meter via a multi-core cable, the data acquisition process is automatic, and software controlled, with the ability to select the required array configuration. Resistivity data was recorded using an Iris Syscal Pro-72 multi electrode resistivity system. Multicore cables with lengths of 90 m, 180 m, and 360 m were used. Stainless steel electrodes, 0.25 m long, were used for injecting current into the ground and for measuring voltages across electrodes. The temperature and precipitation data were collected and analysed for understanding the conditions of the ground during the ERT surveys. The survey dates, profile directions, profile lengths, and daily maximum temperatures, after Makungo 2016 are illustrated in Table 1 .
The raw ERT dataset should be reviewed for data spikes, missing data, poor electrode contact resistances before carrying out the inversion. The profile topography was considered in the generation of the inversion models. The 1-D results were used to generate 2-D resistivity tomography sections whereas the other models presented in this paper were generated from the 2-D inversion of resistivity data. The inversion was carried out using ZondRes2D software (Zond, 2012) . The inversion process was repeated automatically until the RMS error fell below the acceptable target convergence, limit 10%. The inversion process results in the conversion of raw data resistivity pseudo-sections with pseudo-depths with modelled to true-resistivity depth sections.
The apparent resistivity ρ a is calculated from the current (I) and voltage (V) values, using Equation 1:
In the Wenner array the separation of the potential and current electrodes is equal to separation a and the apparent resistivity, ρ a is given by Equation 2 (Reynolds, 2011) :
In the Dipole-dipole array, the distance between the current electrode and the potential electrode, na (the dipole separation factor) is usually an integer multiple, n, of the distance between the current or potential electrode pair; The value of, n, should not exceed six (6) to avoid the recording of noisy data (Loke, 2008) . The apparent resistivity, ρ a, is given by Equation 3 (Reynolds, 2011) :
The Schlumberger array is suitable for depth sounding. In the Schlumberger array the separation of potential electrodes is extremely smaller compared to the distance between the current injecting electrodes. The WennerSchlumberger array is a combination of the Wenner and Schlumberger. The n factor for the Wenner-Schlumberger array is greater than 2 and the apparent resistivity, value for the array is given by Equation 4 (Reynolds, 2011) :
The temperature and precipitation data were collected and analysed for understanding the conditions of the ground during the ERT surveys. The survey dates, profile directions, profile lengths, and daily maximum temperatures (Makungo 2016) , and rainfall data (SAWS, 2016) are illustrated in Table 1 . 
Results

Field Observations
Weathered volcanic rock blocks roughly 30 to 90 cm wide were observed along the profile. These could be indications of weathered volcanic sill or dyke material. Weathered sedimentary rock and fractured quartz was observed in a gully adjacent the Siloam hot spring. Hot water was continuously issuing from a standpipe at the Siloam hot spring and community members were observed collecting water in 10, 20 and 25 litre plastic containers. Two artesian boreholes Bh1 and Bh2 issuing warm water with temperatures above 40° C where identified in the survey area. The location of the hot spring, as well as subhorizontal low and high resistivity zones are annotated on the modelled section; The near surface low resistivity zones with ρa < 10 Ωm occur below the spring as well as to the south and north of the spring
Dipole-Dipole
The RMS fit that was obtained for both the 1-D and 2-D inversion was 6.9% after 10 iterations, indicating that the models were a good representation of the real subsurface structure. The high resistivity zones delineated on the 1-D and 2-D models had resistivity values ρa > 13 Ωm and ρa > 70 Ωm. The low resistivity values for the 1-D and 2-D models had values ρa < 10 Ωm and ρa < 13 Ωm. The difference in the base resistivity values for the 1-D and 2-D models could be attributed to the equivalence problem that is inherent in the inversion of resistivity data. The resistivity models that were generated from 1-D and 2-D inversion, highlighted the presence of lateral variations in subsurface, possible sub-horizontal, and sub-vertical structures. Both models showed a resistivity contrast at the position of the Siloam Fault at station 275 m.
Dipole-Dipole Arrays with 5 m dipoles
The 
Wenner-Schlumberger Arrays
ERT results for a 400 m, south to north oriented, 10 m dipole Wenner-Schlumberger array also recorded in May 2011 have low resistivity zones where, ρa < 20 Ωm (Figure 6 ). The resistivity model indicated a low resistivity top layer with a thickness ranging between 20 m and 25 m that could be associated with a weathered water bearing zone. The resistivity zone was sub-horizontal and had values ρa > 30 Ωm. 
Discussion
Relatively similar structures were resolved by both May 2011 and May 2013 resistivity models. The Dipole-dipole array resistivity, 2-D models resolved lateral variations better in the subsurface compared to Wenner-Schlumberger array. The sections generated from 1-D inversion results highlighted the presence of near vertical high resistivity zones. The 2-D inversion results for Dipole-Dipole array surveys, delineated broader horizontal variations in the subsurface. Results for Wenner-Schlumberger array surveys mapped sub-horizontal layers that could be attributed to sills and water bearing sedimentary layers. Al-Fares (2016) in a similar study concluded that lateral variations were more defined better using a profiling technique as compared to single 1-D inversion techniques. Beard & Morgan (1991) in their assessment of 2-D resistivity structures using 1-D inversion did not find any major differences between results of 1-D and 2-D inversions but observed that 2-D surface geometry could be delineated with certainty from 1-D inversion.
The resistivity was found to be increasing from surface from values below 10 Ωm for confined low resistivity zones to values above 100 Ωm, for the high resistivity confining zones. According the Army (1998) resistivity values for sediments are in the range 20 to 200 Ωm with metamorphic and igneous rocks having high values above 50 Ωm. Kayode et al. (2016) in their study on crystalline aquifers located in southwestern Nigeria, reported that resistivity values in the range 50 to 250 Ωm were associated with weathered material that formed the groundwater aquifer.
The RMS fit for the 10 m Dipole-Dipole inversion models for both surveys were 5.4 and 6.9 % respectively for 10 iterations. The RMS error was lower, with values below 5%. for the Wenner-Schlumberger array and the 5 m Dipole-Dipole inversion models. Orlando (2013) obtained root mean square errors (RMS) ranging from 1.8 % to 5.8% for resistivity data iterations in the range of 6 to 7 and these were deemed to be acceptable.
The depth of weathering inferred from the low resistivity zones ranged from 20 m to 40 m. The occurrence of water bearing zones at depths of 10 m to 30 m was based on the observed outflowing spring water, wet zones to the south and north of the spring, and the low resistivity zones from the inversion models. DWAS (2017) confirmed the occurrence of shallow water depths and boreholes. Muchingami et al. 2013 attributed the reduction of subsurface resistivity to almost zero, to water content and solute content above 25%. Shabalala et al. 2015 confirmed that the water at the springs in the Soutpansberg basin had a relatively high sodium content. Yeh et al. 2002 observed that the variability of the moisture content influenced the resistivity inversion modelling by contributing to higher levels of uncertainty in the interpretation of results. Differential weathering in areas with hot springs has been attributed to water infiltration in fault zones (Olivier et al., 2008) . Bala & Cichy (2015) however noted the contribution of infiltrating conductive mud to the equivalence problem that results in the uncertain determinations of layer resistivity and thickness values.
In the interpretation of delineated subsurface structures, the geology was assumed to be generally homogeneous. The near vertical structures that could be associated with faults or fractures and dykes or sills respectively were delineated near the Siloam hot spring. Befus et al. 2014 in their analysis of electrical resistivity anomalies concluded that the subsurface geology was heterogeneous. Bania & Ćwiklik (2013) stated that single profile ERT models were ambiguous in that they did not only define structures under the survey line but were influenced by other adjacent objects in the subsurface.
Conclusion
Subsurface structures were delineated at the Siloam hot spring using results of the ERT technique that were obtained in May 2011 and May 2013. Moisture bearing zones characterised by low near surface resistivity values, were delineated the south and north of the hot spring. Near vertical structures were better resolved using the DipoleDipole array. Layered structures and horizontal variation in resistivity were defined better using the WennerSchlumberger array inversion results. Lateral and vertical discontinuities in the bedrock that could be due to faults, fractures, geological contacts, or drainage channels were delineated. The depth of the water bearing top layer was inferred to be between 20 m and 40 m based on the lower resistivity zones on the Wenner-Schlumberger inversion models. The interpreted depth to the water bearing zone was comparable to the water strike depth of 20 m at the artesian boreholes that were drilled to the south of the hot spring. The research highlighted the uncertainties associated with the inversion and interpretation of ERT results. The delineated low resistivity zones are good targets for drilling boreholes for groundwater. The Siloam hot spring water, therefore exploits near vertical fractures or geological contact zones that were inferred from the ERT inversion models.
